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Abstract
Self-immolative polymers (SIPs) depolymerize to small molecules through a cascade of reactions
following cleavage of the polymer backbone or a specific terminal or focal point moiety by a
stimulus. They have been developed using the principles of self-immolative spacers and low
ceiling temperature (Tc) polymers. Key developments over the past couple of decades have been
the polymerization of spacers to enable long reaction cascades, and the introduction of stimuliresponsive end-caps which have allowed depolymerization to be triggered in a controlled manner
in response to a wide array of stimuli. This review will focus on the architectural evolution of SIPs
over the past two decades from oligomers to dendrimers, linear polymers, cyclic polymers, graft
copolymers, networks, and hyperbranched systems. We will discuss how the architecture
influences the triggering and propagation of the reaction cascade and highlight how different
architectures can provide advantages and disadvantages in terms of their synthesis and properties.
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Introduction
Degradable polymers are of increasing interest for a wide range of applications. For example, they
have potential to combat the problem of plastic pollution, as their degradation products can
potentially be integrated back into the ecosystem or regenerated monomers can be used again for
synthesis [1]. Additionally, in biomedical applications they can serve as temporary structures such
as tissue engineering scaffolds [2, 3] or drug delivery systems [3]. Polyesters such as poly(lactic
acid) (PLA), polycaprolactone (PCL) and poly(glycolic acid) have been extensively investigated
and are used in products such as surgical sutures and drinking cups while polysaccharides
including chitosan and hyaluronic acid are also widely used in biomedical applications. While
desirable in some cases, degradation of these polymers is relatively slow and non-specific,
preventing their use in applications where a more immediate degradation in response to a stimulus
is warranted. To allow for polymer degradation in response to stimuli, degradable polymers that
incorporate cleavable linkers have been developed. For example, the incorporation of acetal
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linkages into a polymer backbone allows for selective polymer degradation at acidic pH [4-6].
However, complete degradation to small molecules requires multiple stimuli-mediated events to
occur. In some cases, such as where only low concentrations of stimuli or small changes in
conditions are accessible, it would be desirable to amplify the response.
Self-immolative polymers (SIPs) are a class of degradable polymers characterized by their
ability to translate a single bond cleavage event at the polymer terminus or within the backbone
into a cascade of reactions that leads to complete depolymerization (Fig. 1). This mechanism
effectively results in an amplification of the stimulus event. Typically, SIPs are either composed
of repeating units of self-immolative spacers or backbones with low ceiling temperatures. We have
characterized the former as “irreversible SIPs” as they depolymerize to small molecules that differ
from the monomers from which they were prepared, and can therefore not be repolymerized [7].
On the other hand, “reversible” SIPs based on low ceiling temperature backbones depolymerize
back to monomers which can be purified and repolymerized under the right conditions.

Figure 1. Schematic illustrating the triggering and depolymerization of a SIP.

Some SIP backbones were introduced in the 1960s and 1970s, but over the last couple of
decades there has been growing interest in the development of new approaches to control and
trigger degradation through the introduction of many new backbones and end-capping strategies.
In addition, their applications have expanded greatly from early work employing them as resist
materials for microelectronics to include areas such as sensors, smart composites, and drug
delivery vehicles. Over the past two decades, SIPs have also experienced an architectural
3

evolution. Research on SIPs based on self-immolative spacers began by combining multiple
spacers sequentially to form oligomers. Branching versions of these spacers were then combined
to develop self-immolative dendrimers. Polymerization of activated self-immolative spacers or
low Tc monomers then led to linear and cyclic SIPs with greater synthetic ease, albeit
compromising the monodispersity of oligomers and dendrimers. Recent developments have
involved hyperbranched and graft copolymer architectures, as well as SIP networks. Because of
the extensive work that has been published and continues to be published in the field, this review
does not aim to be comprehensive with respect to all self-immolative materials. We and others
have previously reviewed in detail the different SIP backbones and their applications [7-13].
Additionally, this review will focus only on systems where a single stimulus event results in a
cascading degradation of a significant portion of the material. This review discusses the historical
development of the field over the past two decades with a focus on how their structures have
evolved to capitalize on the unique advantages of each macromolecular architecture.

Chemical Foundations for the Development of Self-immolative Materials
Self-Immolative Spacers
Originally developed for prodrug chemistry [14], self-immolative spacers are capable of
transferring a chemical cleavage event from one end of the spacer to the other. Many of the early
spacers employed an electron cascade mechanism. For example, using a 4-aminobenzyl alcohol
spacer [15], the initial cleavage event unmasks the electron rich amino group. Electrons from the
amino group then participate in a 1,6-elimination to release the 4-aminobenzyl alcohol group and
produce an azaquinone methide byproduct (Fig. 2a). As the hydroxyl of 4-aminobenzyl alcohol is
often conjugated via a carbonate or carbamate, its release is then accompanied by the formation of

4

a carbonic or carbamic acid derivative, which decarboxylates to release gaseous CO2, providing
an additional driving force for the reaction. Spacer variants using other electron rich moieties such
as a phenolic group undergo the same mechanism [16], while other variants eliminate using a
shorter or longer elimination pathway [17, 18]. Cyclization spacers have also been commonly
employed [19]. Upon cleavage of one terminus, an intramolecular cyclization occurs, producing a
cyclic byproduct and releasing the moiety at the other terminus. For example, N,N’dimethylethylenediamine cyclizes on its carbamate derivatives to afford a cyclic urea (Fig. 2b).
Cyclization spacers can also be used in conjunction with electron cascade spacers to create a
reaction cascade (Fig. 2c) [20, 21]. Self-immolative spacers have been employed in many different
architectures as they can be combined through step-wise syntheses or polymerization reactions.
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Figure 2. Mechanisms of a) 1,6-elimination of a 4-aminobenzyl alcohol spacer; b) cyclization of
a spacer based on N,N’-dimethylethylenediamine; c) a sequence of elimination and cyclization
reactions; d) an acid-catalyzed equilibrium between a polyaldehyde and the corresponding
aldehyde monomer.

Ceiling Temperature
For a given chain polymerization reaction:
6

𝑃! + 𝑀 → 𝑃!"#

(Equation 1)

where Px is the growing chain with a degree of polymerization (DPn) of x and M is a monomer, Tc
is defined as the temperature above which high molar mass polymer is not formed [22]. It is
governed by the thermodynamics of the polymerization as described by:
∆𝐺 = ∆𝐻 − 𝑇∆𝑆

(Equation 2)

where ∆G is the change in free energy, ∆H is the change of enthalpy, T is the temperature in Kelvin,
and ∆S is the change in entropy of the system. For a reaction to be spontaneous, ∆G must be
negative and therefore ∆H must be less than zero and/or ∆S must be greater than zero. Since a
polymerization reaction always results in a more ordered system, ∆S is always negative and thus
spontaneity of a polymerization depends on ∆H being less than zero. Tc can be mathematically
defined as the temperature where ∆G = 0 for the polymerization, and the polymer and monomer
are in equilibrium. Therefore, Equation 2 can be rearranged to give:
𝑇$ =

∆&
∆'

(Equation 3)

Many polymerization reactions have negative ∆H values that are large in magnitude. For example,
the polymerization of styrene into polystyrene (PS) relies on the enthalpic change associated with
breaking one C=C bond and forming two C–C bonds, which is large and negative. However, the
enthalpic change between breaking one C=O bond and forming two C–O bonds in the
polymerization of aldehyde monomers to polyacetals is generally only slightly negative, resulting
in a low ceiling temperature. Polymers with low Tc can in some cases be polymerized at a low
temperature and subsequently stabilized by either cyclization or via the addition of an end-cap,
which prevents depolymerization. Depolymerization is triggered by either cleaving the backbone
or removing the end-cap. In contrast to self-immolative spacers which have been employed in
many different architectures, low Tc polymers have only been employed in polymeric structures
7

as it would be difficult to combine monomers by the step-wise reaction sequences required for the
synthesis of well-defined oligomers or dendrimers.

Self-Immolative Oligomers (SIOs)
SIOs are monodisperse, linear sequences of self-immolative spacers with a low DPn. In 2001,
Scheeren and coworkers reported several examples designed to serve as improved spacers in
prodrug molecules [23]. At the time, prodrug spacers were typically single self-immolative
moieties that either underwent electron cascades or cyclizations to transfer the cleavage of a
stimuli-responsive group called a “specifier” to release the conjugated drug. It was hypothesized
that increasing the length of the spacers would reduce steric hindrance effects between the specifier
and drug moieties further, allowing for faster enzymatic activation of the specifier. Dimers and
trimers of 4-aminobenzyl alcohol elimination spacers linked via carbamates/carbonates, and
oligomers consisting of 4-aminobenzyl alcohol elimination spacers connected to a N,N’dimethylethylenediamine cyclization spacer via carbamates were prepared (Fig. 3). Using
enzymatic activation to cleave the specifier, doxorubicin and paclitaxel were indeed released more
rapidly using the longer SIOs, with the rate depending on the specific spacer composition and the
drug. This chemistry provided the starting point for the development of more complex selfimmolative materials.
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Figure 3. Examples of SIOs composed of a) multiple elimination spacers in sequence; b) one or
more elimination spacers followed by a cyclization spacer.

The first use of a SIO to amplify a stimulus event was reported several years later by
Warnecke and Kratz [24]. The authors assembled a dimer based on 2,4-bis(hydroxymethyl)aniline.
Because each spacer unit possessed two benzylic alcohol derivatives (one ortho and one para to
the amino group), unmasking of the terminal aniline triggered both a 1,6-elimination as well as a
1,4-elimination to occur. The authors attached tryptamine as the pendent group off each unit and
at the terminus to serve as a reporter molecule, while the aniline at the other end was masked as a
nitro group. Reduction of this nitro group to the aniline triggered a self-immolative cascade that
released all of the tryptamine reporters.
Redy and Shabat reported SIOs for potential theranostic applications [25]. Dimers based
on 4-aminobenzyl alcohol with o-acrylamide fluorophores were synthesized having the drug
camptothecin at one end as the payload and a phenylacetamide end-cap at the other. Because of
9

the close proximity of the fluorophores to one another, Förster resonance energy transfer (FRET)
self-quenching occurred, preventing the fluorophores from emitting light while the dimer was
intact. Upon cleavage of the trigger with penicillin-G-amidase (PGA), 1,6-elimination of the
backbone released the drug and allowed the fluorophores to diffuse away from one another,
eliminating FRET self-quenching, and allowing for the fluorophores to emit light.
Phillips and coworkers developed SIOs for point-of-care diagnostic devices [26-28]. SIOs
composed of 2-methoxy-4-aminobenzyl alcohol spacer units were synthesized with various DPn
values. The addition of the methoxy group on the spacers increased the rate of self-immolation
through electron donation. An arylboronate end-cap was used as the trigger. The oligomers were
used as hydrophobic layers in a multi-layered paper device [26]. An aqueous sample wicked
through the paper layers until it encountered the hydrophobic oligomer. The amount of analyte
(H2O2) in the sample determined the time it took for the layers to self-immolate and become
hydrophilic, allowing the water to wick through the food colouring on the penultimate layer and
show up as a green spot on the bottom of the device. Increasing the DPn improved sensitivity,
although with diminishing returns for longer oligomers. The authors later extended this work for
the detection of enzymes [27] and heavy metals [28].
Our group used SIOs to demonstrate the effect of chain length on the depolymerization
time [29]. Monodisperse SIOs up to octamers were synthesized, based on alternating 4hydroxybenzyl alcohol and N,N’-dimethylethylenediamine spacers linked by carbamates.
Deprotection of the t-butyloxycarbonyl (BOC) end-cap with trifluoroacetic acid (TFA), followed
by increasing the pH to 7, led to depolymerization. The time to 50% degradation was proportional
to the length of the oligomers, with longer oligomers taking longer to degrade (Fig. 4). This
observation held true when applied to longer polydisperse SIPs composed of the same self-
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immolative spacers. Furthermore, the data correlated well with a mixed-mode degradation model
that describes the kinetics of linear self-immolation as zero order during the initial degradation but
moving to first order as degradation proceeds.

Figure 4. Degradation kinetics of monodisperse SIOs measured by 1H NMR spectroscopy in 0.1
M phosphate buffer (D2O):acetone-d6 (3:2) at 37˚C showing an increase in degradation time with
oligomer length: n = 0 (), n = 1 (¡), n = 3 (p), n = 7 (®). Adapted with permission from reference
[29]. Copyright 2013 American Chemical Society.

Very recently, Anslyn and coworkers reported cyclization-only SIOs that could be
chemically sequenced [30]. The oligomers were composed of β-amino alcohol spacers linked via
carbamate bonds and had different pendent groups on the β carbons of the spacers. One terminus
was left as a hydroxy group while the other terminus had a chromophore. Under sufficiently basic
conditions and with heating, intramolecular cyclization of the hydroxy group on the carbamate
released one spacer, revealing the hydroxy group on the adjacent spacer. The cyclizations were
11

slow, allowing products from various stages of degradation to be present in the same solution. By
analyzing the degradation solution via high performance liquid chromatography-mass
spectrometry (HPLC-MS) and detecting the chromophore at the non-degrading end of the
oligomer, the masses of the various degradation species could be determined (Fig. 5). With
knowledge of the potential monomers, the sequence of the oligomer could then be deduced.

Figure 5. Sequencing of a model self-immolative trimer (3) via HPLC-MS. Self-immolation was
achieved by microwave heating 3 in a basic solution. HPLC-MS measurements of the solution at
20 minutes time intervals revealed a decrease in the peak representing 3 in the chromatograms
with a concurrent increase in the peak representing the dimer 2. Subsequent measurements showed
12

a decrease in the peak representing 2 concurrently with an increase in the peak representing the
monomer 1. The difference in mass between the compounds could be used to determine the
sequence of the original trimer. Adapted with permission from reference [30]. Copyright 2020
American Chemical Society.

Self-Immolative Dendrimers/Dendrons (SIDs)
Dendrimers and dendrons are monodisperse macromolecules with well-defined branched
structures. They are built via stepwise synthesis, with each layer of branching termed a generation.
Dendrons refer to examples with a focal point that then branches successively at each generation,
resulting in a tree-like architecture. Dendrimers on the other hand are grown from multivalent
cores. Each unit of the multivalent core then branches at each generation, creating a globular
architecture. Dendrimers and dendrons can be synthesized from the focal point or core outwards
(divergent synthesis) or from the periphery towards the focal point or core (convergent synthesis).
Although they are often referred to as dendrimers, all of the reported examples of SIDs are actually
dendrons, as they branch from mono-functional focal points rather than multivalent cores. In 2003,
three different groups independently reported the first examples of self-immolative dendrons, each
with different backbones [17, 18, 20].
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Figure 6. Architectural comparison showing a) a dendron; b) a dendrimer.

Benzyl Ethers
SIDs based on benzyl ether backbones were first reported by McGrath and coworkers. Originally,
the authors reported the convergent synthesis of zeroth- to second-generation dendrons composed
of 2-hydroxy-4-(hydroxymethyl)phenol self-immolative spacers with allyl triggers at the
peripheries and a 4-nitrophenol reporter at the focal point [16]. Cleavage of the trigger using
Pd(PPh3)4 and NaBH4 led to dendron degradation via 1,6-elimination reactions, with the reporter
release monitored by ultraviolet-visible (UV-Vis) spectroscopy. Because of the linear degradation
pathway, there was a 1:1 relationship between the stimulus event and the reporters. However, later
the same year, the group reported dendrons composed of 2,4-bis(hydroxymethyl)phenol repeat
units with allyl triggers at the focal points and the 4-nitrophenol reporters at the periphery (Fig.
7a) [17]. First- and second-generation dendrons were prepared by divergent synthesis and then
subjected to allyl deprotection with monitoring of 4-nitrophenol release by UV-Vis spectroscopy.
Full degradation via 1,6- and 1,4-elimination pathways was achieved in 15 minutes for the second
generation dendron, with even shorter time required for the first generation system. Several years
later, McGrath and coworkers developed a convergent synthesis for these SIDs [31]. This synthesis
allowed different triggering groups to be installed in the final step.
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Figure 7. Chemical structures of self-immolative a) benzyl ether; b) cinnamyl carbamate; c)
benzyl carbamate dendrons. R = reporter group.

Recently, Kastrati and Bochet developed self-immolative benzyl ether dendrons capable
of releasing three species per generation instead of two [32]. The authors used a 2,4,6tris(hydroxymethyl)phenol spacer to divergently construct SIDs up to the third-generation with 27
peripheral 4-nitrophenol reporter molecules. Degradation by 1,4- and 1,6-elimination was
monitored by UV-Vis spectroscopy after cleaving the focal point photosensitive trigger.
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Cinnamyl Carbamates/Carbonates
The use of cinnamyl carbamates/carbonates as spacers in SIDs has also been reported, although
they have been much less explored than other backbones. de Groot and coworkers divergently
synthesized up to second-generation dendrons using 4-aminocinnamyl diol spacers (Fig. 7b),
which allowed for a 1,8-elimination to occur when the nitro group at the focal point of the dendron
was reduced to an aniline group [18]. This was the first example involving the incorporation of
peripheral drug (paclitaxel) molecules on SIDs, which were released upon focal point triggering.
Shabat and coworkers later reported SIDs composed of cinnamyl-based spacers that could
be used to amplify a single stimulus event by 6-fold with a single generation [33]. A firstgeneration dendron was synthesized divergently with a BOC trigger at the focal point and six
aminomethylpyrene reporters at the periphery. Cleavage of the BOC group with TFA revealed a
N,N’-dimethylethylenediamine spacer, which subsequently cyclized to reveal the hydroxy moiety
on the cinnamyl-based spacer. Self-immolation reactions (2 × 1,8-eliminations and 4 × 1,6eliminations at the para and ortho linkages respectively) released all the reporter molecules. HPLC
analysis of the degradation products revealed the cyclization to be the rate-limiting step, while
fluorescence spectroscopy demonstrated the release of the reporter molecules. To demonstrate the
application of their dendron in physiological conditions, the authors also synthesized a watersoluble first-generation dendron with tryptophan reporter units and a trigger responsive to PGA.

Benzyl Carbamates/Carbonates
Backbones incorporating benzyl carbamate/carbonate spacers have been the most extensively
studied in the context of SIDs. These elimination spacers have been used on their own and along
with cyclization spacers. Shabat and coworkers reported the first examples of SIDs based on
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benzyl carbamates [20]. N,N’-dimethylethylenediamine was used as a cyclization spacer and 2,6bis(hydroxymethyl)-p-cresol was used as an elimination spacer (Fig. 7c). For self-immolation to
occur, a focal point photocleavable trigger connected to the cyclization spacer was cleaved,
followed by cyclization and the unmasking of a hydroxy moiety on the elimination spacer. 1,4elimination of the two benzyl carbamates followed by a loss of CO2 then occurred and this
sequence of cyclization and elimination reactions propagated to the dendron’s periphery where
aminomethylpyrene reporters were released. Degradation was monitored by HPLC and the ratedetermining step was found to be the cyclization. While first- and second-generation dendrons
were successfully synthesized, attempts to prepare the analogous third-generation dendrons were
unsuccessful. Changing the peripheral reporters to less sterically bulky 4-nitroaniline groups
allowed the third generation dendrons to be synthesized. This result highlighted one of the
challenges with the dendrimer/dendron architecture, which is that many systems cannot be
synthesized to high generations, so the ultimate degree of amplification can in some cases be
limited based on the molecules that can be synthesized. Nevertheless, many examples illustrating
the potential utility of SIDs based on benzyl carbamate/carbonate spacers have been reported.
Shabat and coworkers followed up their initial report with dendritic prodrugs triggered by
the catalytic antibody 38C2 [34]. These first-generation SIDs had either two molecules of
doxorubicin, two molecules of camptothecin, or one of each at their peripheries. Cell toxicity
studies showed improved performance from the dendritic prodrugs when compared to monomeric
prodrug analogues of doxorubicin or camptothecin. Moreover, the best performance was obtained
from the heterodimeric dendritic prodrug that released doxorubicin and camptothecin upon selfimmolation, which was 50× more toxic than the monomeric prodrugs. This toxicity increase was
attributed to the fact that fewer enzymatic triggering events were necessary to release the same
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amount of drug when compared to analogous monomeric prodrugs. The authors later reported
trimeric

dendritic

prodrugs

utilizing

a

slightly

altered

elimination

spacer

(2,4,6-

tris(hydroxymethyl)phenol) and the same enzymatic trigger [35].
Shabat’s group also demonstrated the concept of chemical antennas and amplifiers. In the
antenna approach, zeroth- to second-generation SIDs were convergently synthesized with the
reporter molecule at the focal point and sensors at the periphery [36]. They used a
diethylenetriamine cyclization system with carbamate linkages, with a 4-hydroxybenzyl alcohol
elimination spacer also being utilized in the second generation. This cyclization linker allowed
cleavage at any sensor molecule to be propagated to the focal point. Sensors receptive to PGA and
a 4-nitrophenol reporter molecule were used. Shabat’s group later extended the system to possess
more than one kind of sensor moiety. This allowed for a molecular “OR” logic gate to be built into
a prodrug, where either sensor could cause the dendron to fragment, releasing a drug molecule at
the focal point [37]. In contrast to the antenna approach involving the release of a focal point
molecule, the amplifier approach involved the release of peripheral molecules [38]. A firstgeneration dendron was divergently constructed based on N,N’-dimethylethylenediamine and 2,6bis(hydroxymethyl)phenol. A PGA-cleavable moiety was used at the focal point trigger while 4nitrophenol and 6-aminoquinoline were conjugated to the periphery to serve as absorbance and
fluorescence probes, respectively. Self-immolation resulted in the release of both probe molecules
simultaneously. Systems incorporating both antenna and amplifier properties were also prepared
[39].
Almutairi’s group also reported a SID capable of releasing L-glutamic acid upon exposure
to light [40]. Zeroth- to second-generation dendrons were constructed in a convergent synthesis,
with peripheral L-glutamic acid reporters and 4-bromo-7-hydroxycoumarin as a two-photon near

18

infrared (NIR) light-responsive trigger group. 2,6-bis(hydroxymethyl)-p-cresol and N,N’dimethylethylenediamine spacers were used in the backbones. After NIR irradiation, degradation
was monitored by HPLC-MS, with an enzymatic assay also being utilized to measure L-glutamic
acid release. As expected, the authors observed an approximately 2-fold increase of released Lglutamic acid with each increase in generation. They also noted that the higher generations
required longer times to degrade due to the requirement for more sequential self-immolative
reactions to occur.
SIDs have also been constructed from benzyl carbamates/carbonates and no cyclization
spacers and it was shown that removal of the cyclization spacers led to more rapid degradation
[41]. A first-generation dendron was divergently synthesized using the elimination spacer 2,4,6tris(hydroxymethyl)aniline, with PGA as the focal point trigger and tryptophan as peripheral
reporter molecules. The release of tryptophan from this dendron was compared to that from an
analogous previously reported dendron containing a cyclization spacer [35]. The dendron
containing the cyclization spacer required about 4 days to fully degrade, whereas the system
without the cyclization spacer required only 40 minutes. The authors then synthesized the
analogous two dendrons with the anticancer drug melphalan at their periphery. Both dendrons
exhibited lower toxicity than the free drug when not triggered to degrade. Triggering of the prodrug
with the cyclization spacer system increased its toxicity, but the toxicity was still less than that of
the free drug. However, the rapid release of drug from the dendron with no cyclization spacers
produced a toxicity approximately equal to the free drug. This work therefore demonstrated that
the rate of backbone degradation can ultimately affect the properties of dendritic prodrugs. The
rapidly degrading dendrons composed of only elimination spacers were also studied as sensors of
the explosive triacetone triperoxide [42].
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To address the challenge of synthesizing high generation dendrons to achieve high degrees
of amplification, Shabat and coworkers cleverly introduced dendritic amplification via chain
reactions [43-46]. Dendrons were constructed to be triggered by molecules that were released from
the dendron peripheries upon self-immolative degradation. Thus, one stimulus event would not
just trigger the depolymerization of one dendron but potentially all of them. First-generation
dendrons were constructed using a 2,4,6-tris(hydroxymethyl)phenol spacer, with an arylboronic
acid trigger responsive to H2O2 at the focal point [43]. One peripheral moiety was the reporter
molecule (4-nitroaniline) while the other two molecules (choline) could be oxidized by choline
oxidase to produce more H2O2. Further work included the use of methanol and alcohol oxidase to
improve the stability of the system and consequently signal to noise [44], the use of separate probes
that released single reporter molecules in response to the H2O2 generated from the dendritic chain
reaction,[45] and a dendritic chain reaction system sensitive to thiols rather than H2O2 [46].
More recently, Wu and coworkers reported a theranostic SID that released both a drug and
two-photon NIR fluorophore reporter molecule to visualize drug release in the body [47]. The firstgeneration dendron based on a 2,6-bis(hydroxymethyl)-p-cresol spacer had camptothecin as the
drug and dicyanomethylene-4H-pyran as a NIR fluorophore reporter on its periphery. A 2,4dinitrobenzylsulfonyl group was installed to serve as the trigger group as well as to quench the
fluorescence of the reporter molecule while it remained attached to the dendron. Exposure to
glutathione, an antioxidant found in hypoxic tissues such as tumours, led to self-immolation and
release of both the drug and fluorophore. The effectiveness of the theranostic was verified in an in
vivo study where the liposome-encased dendron was injected into tumours in mice, resulting in
tumour shrinkage along with a visible fluorescent signal.
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Overall, the major advantages of SIDs include their well-defined structures afforded by
step-wise synthesis as well as their abilities to release multiple peripheral groups in response to a
single triggering event at the focal point. Their branched structures also afford antenna capabilities.
Limitations in terms of preparing high generation dendrons were addressed to a significant extent
by the dendritic chain reaction amplification concept introduced by Shabat. However, dendrimers
still involve multi-step synthesis, which would be challenging for many industrial-scale
applications. In addition, the relatively low molar masses of dendrons means that their physical
properties (e.g., thermal, mechanical) are likely more similar to those of small molecules than
polymers, although they have not been studied to any significant extent. These aspects motivated
extensive interest in SIPs over the past decade.

Self-Immolative Linear Polymers
Compared to oligomers and dendrimers, SIPs typically have polymeric thermal and mechanical
properties, and can be synthesized via one-step polymerization reactions. These potential
advantages come at the cost of introducing dispersity (Đ) in DPn but often this can be kept low
enough to obtain similar properties and performance between batches. Several different polymer
architectures have been described to date. Linear SIPs are by far the most common, and several
different backbones have been reported (Fig. 8).
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Figure 8. General chemical structures of the major classes of linear SIPs: a) PBCs; b) PBCs
containing cyclization spacers; c) cyclization-only SIPs; d) PBEs; e) PPAs; f) PGs; g) POSs. EC
= end-cap; Init = polymerization initiator; R corresponds to variable pendent groups.

Poly(benzyl carbamates/carbonates) (PBCs)
The first example of a linear SIP was reported by Shabat and coworkers in 2008 [15]. The authors
constructed their polymers from 4-aminobenzyl alcohol linked via carbamates (Fig. 8a). A stepgrowth polymerization produced the PBCs with DPn of 15–20 units with a Đ of about 2. To
demonstrate their self-immolative properties and amplification capabilities, o-acrylate substituents
were introduced on every spacer and an end-cap sensitive to bovine serum albumin (BSA) was
installed. The substituents allowed for each spacer to be converted to a fluorophore once released
during self-immolation. Incubation of the polymer with BSA in phosphate buffered saline solution
produced a visible fluorescence signal over 10 hours. Following this initial report, Shabat’s group
reported polymers constructed from 4-aminobenzyl alcohol spacers with an o-substituent that
could undergo 1,6-elimination and release 4-nitroaniline reporter molecules during selfimmolation [48]. An SIP consisting of approximately 11 units was triggered to degrade in organic
media,

releasing reporters over 48 hours. Ionizable pendent acrylate o-substituents were

introduced to every second spacer to impart water solubility.
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Elimination spacers such as 4-aminobenzyl alcohol produce quinone methide byproducts
during self-immolation. These byproducts are reactive towards nucleophiles such as the solvent or
from other sources. This reactivity was harnessed by Shabat and coworkers to create PBCs that
were capable of selectively labelling enzymes [49]. SIPs based on 4-aminobenzyl alcohol spacers
have also been employed by Moore and coworkers to generate microcapsules for potential selfhealing materials [50]. They were also incorporated by Liu and coworkers into block copolymers
for the preparation of polymersomes [51]. Using end-caps responsive to UV light, visible light, or
reductive conditions, the polymersomes could be triggered to degrade, releasing their cargo.
Furthermore, by encapsulating different enzymes, inhibitors, and/or reagents in different types of
polymersomes, systems could be designed with “AND”, “OR”, or “XOR” logic gates. Recently,
Thayumanavan and coworkers used PBCs with pendent carboxylic acids to form polymersomes
via polyion complexation with poly(diallyldimethylammonium chloride) and horse radish
peroxidase was encapsulated into the polymersomes [52]. Depolymerization triggered by UV light
led to breakdown of the complexes, disintegration of the polymersomes, and release of the enzyme,
which subsequently catalyzed the formation of a hydrogel. Furthermore, Shabat’s group described
poly(benzyl

carbonate)s

that

exhibit

chemiluminescence

upon

self-immolation,

with

responsiveness to fluoride ions, palladium catalysts, or H2O2 [53].
As with oligomers and dendrimers based on benzyl carbamates/carbonates, cyclization
linkers could also be incorporated into linear SIPs. The first such SIP containing alternating
elimination and cyclization spacers was reported by our group in 2009 (Fig. 8b) [21]. The PBCs
were constructed using 4-hydroxybenzyl alcohol as the elimination spacer and N,N’dimethylethylenediamine as the cyclization spacer. A BOC group served as the end-cap and the
polymer had a number average molar mass (Mn) of 17 kg/mol. After BOC group cleavage and
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neutralization, the polymer degraded over 4–5 days. A poly(ethylene glycol) (PEG) end-cap linked
to the polymer by an ester linkage could also be incorporated, yielding a block copolymer that selfassembled to form nanoparticles. The assemblies could encapsulate and release Nile red over about
2 weeks as the hydrophobic PBC block depolymerized. Almutairi and coworkers also incorporated
UV-sensitive and NIR-sensitive end-caps onto these PBCs and used them to prepare nanoparticles
that could be triggered with light to release Nile red [54]. In addition, our group showed that by
replacing the N,N’-dimethylethylenediamine with N-methylaminoethanol or 2-mercaptoethanol,
the rates of the corresponding cyclization reactions could be increased, accelerating the
depolymerization rate [55]. Thus, the introduction of cyclization spacers allowed the rates of
polymer degradation to be tuned.

Cyclization-Only Polymers
A few examples of linear SIPs depolymerizing entirely by cyclization reactions have been
reported. For example, in 2010 our group reported a polymer constructed from two different
cyclization spacers, N,N’-dimethylethylenediamine and 2-mercaptoethanol, linked with carbamate
and thiocarbamate bonds (Fig. 8c) [56]. A dimeric monomer composed of the two cyclization
spacers was polymerized in a step-growth reaction and end-capped with a disulfide to yield a
polymers with an Mn of 1800 g/mol. After cleavage of the end-cap with dithiothreitol (DTT), the
polymer depolymerized over 14 days. A fraction of the polymer (approximately 20%) would not
degrade even in the presence of DTT, indicating that some cyclic polymers without end-caps were
likely formed during the polymerization.
A few years later, Li and coworkers reported another cyclization spacer-based SIP [57].
Polymerization was achieved in a step-growth reaction via the Passerini reaction of a monomer
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possessing an aldehyde and a carboxylic acid function group at either end of the molecule with an
isocyanide. Post-polymerization hydrogenation of the Passerini reaction products yielded
polymers with a poly(4-hydroxybutyrate) backbone. A model polymer (Mn = 6700 g/mol) was
then investigated for depolymerization at different pH values. At acidic pH, a combination of
random chain scission and head-to-tail cyclization reactions resulted in polymer degradation, with
the latter dominating. Full degradation at 37 ºC was achieved in 144 hours when the polymer was
dissolved in a CDCl3:DCl mixture. At neutral pH, degradation was much slower as only the headto-tail cyclization mechanism occurred.

Poly(benzyl ether)s (PBEs)
PBEs (Fig. 8d) are low Tc SIPs based on the linkages used in McGrath’s SIDs [16, 17]. The ether
linkages convey higher stability to these polymers against heat, acid, and base compared to other
more labile backbone linkages such as carbamates and carbonates. Unlike McGrath’s SIDs that
depolymerized into small molecules that were different from the original monomers, PBEs
depolymerized back into their original monomer units, providing a means of recycling the
polymers at their end-of-life [58]. Although prior work had been conducted on linear PBEs [59],
the first triggerable examples were reported by Phillips and coworkers in 2013 [60]. Quinone
methide monomers were polymerized by anionic polymerization from alcohol initiators, then
terminated with either acid (to produce an alcohol “end-cap” sensitive to base) or with several
different end-caps that could be cleaved with stimuli such as fluoride ions, palladium catalysts,
base, or UV light. Polymers with Mn values as high as 484 kg/mol could be synthesized. They
depolymerized rapidly over a few hours in a head-to-tail manner upon cleavage of the end-cap.
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It has been possible to modify the pendent groups on PBEs. For example, Phillips and
coworkers incorporated tri(ethylene glycol) or fluoroalkyl groups to impart different physical and
mechanical properties [58]. Ergene and Palermo incorporated alkene pendent groups to click on
PEG or cationic moieties via thiol-ene chemistry, thus producing degradable antibacterial
polymers [61, 62]. To improve solid-state depolymerization of PBEs, Phillips and coworkers
synthesized and polymerized monomers with masked phenol moieties off of each pendent group
[63]. Unmasking of a phenol by a stimulus event caused a cascading depolymerization of the
portion of the polymer downstream from the unmasked monomer. This approach effectively
increased the number of triggerable groups on the solid surface, accelerating the depolymerization
rate of the solid. Zhang’s group expanded on these polymers further by linking a masked 2mercaptoethanol spacer to the phenol moiety on every pendent chain via a carbonate linkage [64].
Unmasking of the thiol with a reducing agent resulted in cyclization and subsequent downstream
degradation of the PBE.

Polyphthalaldehydes (PPAs)
PPAs (Fig. 8e) are low Tc polyacetals first synthesized and investigated in the late 1960s [65, 66].
Anionic and cationic synthetic routes can be employed to synthesize PPAs, leading to linear or
cyclic polymers respectively. Here we focus on the linear PPAs, while cyclic PPAs will be covered
in the section on cyclic SIPs. Through the incorporation of stimuli-responsive end-caps, which had
not been used in the early examples, Phillips and coworkers suggested linear PPAs as a new class
of SIPs in 2010 [67]. Phthalaldehyde (PA) was polymerized by a slow chain-addition mechanism
using n-butyl lithium as an initiator and end-caps responsive to fluoride ions, palladium catalysts,
or no stimulus (control) were incorporated. The use of a phosphazene base and alcohol initiators
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was later demonstrated to afford a more rapid polymerization [68]. Depolymerization was fast,
with full degradation in about 5 minutes at room temperature after triggering. The resulting PPAs
were used in the construction of self-powered microscale pumps, where triggering of
depolymerization by fluoride ions (model analyte) resulted in the release of a high concentration
of soluble monomer above the polymer film [69]. The high monomer concentration caused the
movement of the water towards the film via osmosis, then radially away from the surface of the
film, enabling the movement of microscale polymer beads. The pump was further extended to
respond to the enzyme β-D-glucuronidase (a specific marker for E. coli) by synthesizing a separate
self-immolative spacer capable of releasing fluoride ions upon activation by the enzyme. PPAs
were also used by Phillips and coworkers to produce core-shell microcapsules [70].
Despite their relatively high stability under neutral conditions at room temperature while
end-capped, PPAs are prone to degrade when exposed to mechanical force, acid, or elevated
temperatures. This phenomenon is a result of their polyacetal backbone, which can undergo a
random chain scission producing an unstable hemiacetal terminus that allows depolymerization to
occur. While instability may be an issue in some applications, it can be seen as another avenue to
trigger depolymerization. For example, Duerig and coworkers developed PPAs as thermallypatternable masks for lithography [71, 72]. In one instance, a 4 nm thick ”soft” mask of PPA was
spin-coated onto a stack of “hard” masks previously spin-coated onto a Si wafer [73]. A pattern
was then transferred to the PPA layer via the heated tip of a cantilever. Subsequent reactive ion
etching allowed for transfer of the pattern into the hard mask layers and eventually into the Si
wafer itself. More recently, thermal lithography with PPAs was used to create nanofluidic rocking
motors for nanoparticle separation [74]. To increase the thermal stability of PPA, Phillips and
coworkers synthesized poly(4,5-dichlorophthalaldehyde), based on the hypothesis that electron-

27

withdrawing chloride groups para to the benzylic acetals would disfavor oxocarbenium
intermediates, that are involved in nonspecific backbone degradation [75, 76]. The polymers could
be laser sintered to form three-dimensional objects that could be selectively degraded by stimuli
such as palladium or fluoride, which cleaved the polymer’s end-caps [75].

Polyglyoxylates (PGs)
PGs are another class of low Tc polyacetals (Fig. 8f). Without stabilization afforded by an end-cap
or cyclic structure, PGs depolymerize back into their constituent monomers at room temperature.
Similar to PPAs, PGs were also reported decades ago, with early examples involving nonresponsive PG salts [77], poly(methyl glyoxylate) (PMeG) [78] and poly(ethyl glyoxylate) (PEtG)
[79] as potential biodegradable polymers. One attractive feature of PGs is the fact that glyoxylate
monomers produced by depolymerization can undergo further hydrolysis to form glyoxylic acid
hydrate and a corresponding alcohol. For monomers such as ethyl glyoxylate, the byproducts
should be non-toxic and integrate back into the environment through metabolic processes of
microorganisms [80, 81]. Through the incorporation of stimuli-responsive end-caps, our group
introduced PGs as SIPs in 2014 [82]. While ethyl glyoxylate is commercially available, other
glyoxylate monomers were prepared from readily available starting materials such as fumarates
and maleates. The monomers were homopolymerized and copolymerized with ethyl glyoxylate
via a chain-growth mechanism using catalytic triethylamine. Triggering of the UV-sensitive endcaps with light led to rapid depolymerization in solution (~70% after one day). Solid state
depolymerization of PEtG films in an aqueous environment proceeded more slowly, over about 17
days. While triethylamine served as a proton transfer agent, we were able to perform anionic
polymerization of ethyl glyoxylate using n-butyl lithium or lithium alkoxides as initiators [83].
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Several other developments have demonstrated the versatility of PGs. The incorporation of
different end-caps has allowed depolymerization to be initiated with different stimuli including
heat, H2O2, and DTT among others, while mechanical force could cleave the backbone of high
molar mass PEtG [82, 84, 85]. PEtG has also been incorporated into triblock copolymers with PEG
(PEG-PEtG-PEG), which could be self-assembled to form nanoparticles and vesicles to
encapsulate cargo and release it in response to stimuli [85-87]. Nanoparticles prepared from blends
of PLA with PEtG were also prepared by emulsion processes [88]. Furthermore, PEtG films have
been investigated as a traceless photodegradable coatings for lithography [89], smart packaging
materials for food [90], and as smart coatings for fertilizer pellets when blended with PLA or PCL
[91, 92]. While PEtG has a low glass transition temperature (Tg) of about −9 °C and is in a tacky,
rubbery state at room temperature, blending with PLA or PCL produced thermal and mechanical
properties intermediate between the PEtG and the polyester, depending on the blend ratio [91].
Most recently, we reported that polyglyoxylamides (PGAms) could be synthesized via postpolymerization amidation of PEtG [93]. PGAms have very different properties than PGs, with
hydrogen bonding leading to higher Tgs (e.g. 85 °C for poly(ethyl glyoxylamide)) and higher
water solubility. Ree and coworkers recently demonstrated the potential of PGAms as clathrate
hydrate inhibitors for deep sea oil and gas lines [94].

Poly(olefin sulfone)s (POSs)
POSs are alternating copolymers polymerized from SO2 and vinyl monomers (Fig. 8g). Like PPAs
and PGs, POSs degrade back into their monomers when triggered. However, unlike the linear
polyacetals, POSs are not stabilized with end-caps. Instead, depolymerization proceeds following
random backbone scission at one of the weak C–S bonds. Such a backbone cleavage can be
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induced by either a radical mechanism [95], making these polymers sensitive to radical species
and radiation that produces radicals, or via an E2 mechanism, making these polymers sensitive to
basic conditions [96]. POSs are polymerized in a chain-growth manner via a radical mechanism,
providing high functional group tolerance, contrasting with PPAs and PGs, which are both
polymerized via anionic or cationic mechanisms. Initially, POSs were investigated in the 1970s as
photoresists for lithography that produced gaseous byproducts upon depolymerization [97, 98].
Depolymerization could be induced by exposure to UV light or an electron beam. However, they
exhibited low thermal stability, which was problematic for lithography applications [99]. More
recently, Moore and coworkers showed that their thermal stability could be tuned by varying the
pendent groups [100].
In recent years, POSs have been applied as depolymerizable components in different smart
polymer applications. For example, Lobez and Swager used the sensitivity of POSs to radiation in
order to construct a sensor device for γ radiation in 2010 [101]. Goodwin and coworkers studied
the depolymerization of poly(vinyl acetate sulfone)s by different stimuli including UV light, pH
change, reactive oxygen species, and mechanical stimulation and used them to prepare
nanoparticles for potential drug delivery applications [102, 103]. In the case of the mechanical
stimulus, the observation that depolymerization continued even after ultrasonication stopped
provided evidence for a self-immolative depolymerization mechanism.

Other Linear Backbones
While most work on linear SIPs has so far involved the aforementioned backbones, a few new
backbones have been recently reported. These backbones are highlighted below.
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In 2019, Willson and coworkers reported a poly(benzyl ester) for lithography applications
(Fig. 9a) [104]. The polymer was synthesized from a benzyl ester monomer with a phenol at one
end of the molecule and an activated trifluoroethyl ester at the para position of the ring. Stepgrowth polymerization involved the production of a phenoxide by reaction with n-butyl lithium
and crown ether, followed by polymerization to produce trifluoroethanol, which was removed
from the reaction via an azeotropic distillation with toluene, driving the reaction forward. Cis
forms of the monomer produced lower molar mass polymers (Mn = 7.1 kg/mol) with oligomeric
cyclic byproducts. Trans monomers, on the other hand, produced a higher Mn of 19 kg/mol. The
polymer was susceptible to UV-light induced depolymerization, proposed to occur via a homolytic
cleavage between the α carbon and carbonyl carbon on the backbone. The produced radicals could
then cascade through the backbone, leading to depolymerization and the production of toluene and
CO2. Studies were performed to validate that the photolysis of the polymer occurred by a Norrish
type I like reaction. However, it is not yet validated that depolymerization occurred by a reaction
cascade through the polymer backbone as opposed to multiple photolytic cleavages.
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Figure 9. a) Structure and proposed degradation mechanism of a poly(benzyl ester); b) Structure
of a polythioester that depolymerizes back to bicyclic monomer in basic conditions via cyclization
reactions (R1 corresponds to variable pendent carbamate groups and A- is a base); c) Structure of
a polycarboxypyrrole that depolymerizes into CO2 and an azafulvene byproduct (R2 corresponds
to variable pendent groups).

Lu and coworkers recently reported a self-immolative polythioester backbone (Fig. 9b)
[105]. Cyclic N-substituted cis-4-thia-L-proline thiolactone monomers derived from 4hydroxyproline were synthesized in a one-pot procedure. The bicyclic nature of the thioester
monomers added enough ring strain to drive the polymerization reaction forward while the
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structure of the backbone prevented transthioesterfication chain transfer reactions due to steric
hindrance. The authors prepared three different monomers, each with a different carbamate
functional group off the ring nitrogen. Controlled ring-opening polymerizations were conducted
with benzyl mercaptan as an initiator and triethylamine or 1,8-diazabicyclo[5.4.0]undec-7-ene
(DBU) as the base catalyst. Polymers with Mn values as high as 226 kg/mol were targeted and
were synthesized with very low Đs of 1.03–1.32. The authors were also able to synthesize block
copolymers from different monomers by sequential monomer addition. Depolymerization of the
polymers was induced by exposing the polymers to dilute base, with heating increasing the rate of
depolymerization. 1H NMR spectroscopy revealed a regeneration of the cyclic monomers while
SEC showed a gradual shift to later elution times. This evidence suggested that the polymers
depolymerized via a head-to-tail mechanism rather than by random chain scission. Using the
strong base DBU and heating at 50 °C, the authors achieved quantitative monomer regeneration
in as little as 2 minutes. The authors also recently extended their polymerization to β-thiolactone
monomers derived from penicillamine [106].
Phillips and coworkers recently reported self-immolative polycarboxypyrroles (Fig, 9c)
[107]. These SIPs were inspired by PBCs and share a similar depolymerization mechanism. The
authors sought to create polymers with less aromatic repeat units in order to decrease their stability
and thus increase their depolymerization rate. Step-growth polymerization of pyrrole monomers
functionalized with a phenyl carbamate and an alcohol group was achieved by heating the at 60 ºC
with catalytic amounts of DBU. Alcohol-functionalized end-caps sensitive to H2O2 or Pd(0) were
incorporated providing polymers with Mn of ~5 kDa. Following triggering with H2O2 or Pd(0),
depolymerization in THF was achieved in ~40 minutes. To test their hypothesis regarding
aromaticity and the depolymerization rate, the authors also synthesized the more aromatic
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polycarboxyindole.

Depolymerization

under

identical

conditions

as

the

analogous

polycarboxypyrrole resulted in a 12-fold rate decrease, supporting the hypothesis. Finally, the
authors constructed discs of polycarboxylpyrrole and submerged them in acetonitrile solutions.
When the appropriate stimulus was present, the discs depolymerized within 9 hours, while no
solid-state depolymerization occurred in the absence of stimulus.

Cyclic Self-Immolative Polymers
Cyclic SIPs have also been developed and studied. Cyclic polymers can exhibit different properties
than their linear analogues such as a more compact structures for the same molecular mass and
lower intrinsic viscosity [108]. However, these aspects have not been the focus of research on
cyclic SIPs so far. Instead, most work has focused on their chemistry. Compared to linear SIPs,
cyclic SIPs by definition do not possess stabilizing end-caps. Instead, the cycle itself chemically
stabilizes the structure as there are no polymer termini from which depolymerization can initiate.
As a result, these polymers are usually metastable and any stimulus that breaks the cyclic structure
initiates depolymerization.

Cyclic Polypthalaldehydes (cPPAs)
The cyclic structure of cPPAs was suspected for many years but was only definitively confirmed
by Moore’s group in 2013 (Fig. 10a) [109]. The authors cationically polymerized PA with Lewis
acids such as boron trifluoride etherate (BF3·OEt2) to yield cPPAs with Mn values as high as 109
kg/mol and Đ values ranging from 1.6–4.5. In contrast with the anionic polymerization of PA, no
end-capping was necessary to isolate stable polymers. Analyses by NMR spectroscopy, matrixassisted laser absorption ionization time-of-flight mass spectrometry (MALDI-TOF MS), and SEC
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were consistent with cyclic structures. The authors also demonstrated that the cPPAs could be
reopened with the addition of a Lewis acid catalyst, allowing the cycles to be grown or shrunk by
adding or removing monomer respectively. This property was exploited in a follow-up study by
Moore and coworkers to create random and multiblock copolymers out of different cPPA
homopolymers [110].

Figure 10. a) Structure of cPPA and its degradation mechanism in acidic conditions; b) Cyclic
alternating copolymer of PA and ethyl glyoxylate; c) Cyclic copolymers of PA and other aldehyde
monomers (R denotes the pendent groups from different monomers); d) lariat-shaped PEtG
synthesized using BF3·OEt2; e) Cyclic polydisulfide random copolymers of methyl lipoate.
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Moore’s group also investigated the cationic copolymerization of PA and ethyl glyoxylate
(Fig. 10b) [111]. Because PEtG has a low Tg whereas PPA and cPPA are brittle polymers with
high Tgs (> 180 ºC) and relatively limited thermal stability, it was envisioned that a copolymer
would possess an intermediate Tg and consequently better properties and processability. A cationic
polymerization of the two monomers in a 1:1 ratio with a Lewis acid catalyst yielded the cyclic
copolymer as a white sticky solid. NMR spectroscopy and MALDI-TOF MS suggested that the
two monomers were incorporated in similar proportions. In addition, the results suggested that
alternating copolymers were formed, which was attributed to a combination of steric hindrance
between adjacent glyoxylate units as well as the tendency of alternating copolymers to form
between electron-rich and electron-poor monomers. As expected, thermal analyses showed that
the Tg decreased linearly and the onset degradation temperature (To) increased linearly as the
percentage of ethyl glyoxylate monomer was increased.
Kohl and coworkers recently investigated the cationic copolymerization of PA with other
aldehydes to tune the properties of the resulting polymers (Fig. 10c). In the initial work, PA was
copolymerized with butanal [112]. Incorporation of butanal resulted in polymers that were more
thermally stable and depolymerized faster after triggering with acid compared to cPPA
homopolymer. A subsequent study investigated PA copolymerization with various other aldehydes
[113]. Copolymerization of PA with pentanal led to a lack of any end-cap peaks in the NMR
spectra, suggesting cyclic structures. cPPA copolymers were also synthesized with a variety of
functional groups using aldehyde comonomers with halides, alkynes, alkenes, and tosyl esters.
Long blocks of aliphatic aldehydes were not detected, which the authors postulated may be due to
a backbiting that may occur with these long blocks and result in the production of non-reactive
trioxane compounds. Finally, the post-polymerization modification of the copolymers allowed for
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further tuning of their properties. The authors were able to install epoxide groups via reaction with
the pendent alkenes and were able to replace the tosyl and halide pendent groups with azides.
Thiol-ene chemistry was also used to demonstrate cross-linking of the copolymers into films. The
authors note that the tosyl copolymer possessed a To of 95 ºC, lower than that of the other
copolymers (To = 150 ± 20 ºC). This lowering of thermal stability was postulated to be the result
of the thermal cleavage of the tosyl group from the copolymer, which could then form tosylic acid
and catalyze the depolymerization.
McNeil and coworkers recently tuned the thermal properties and stability of cPPAs by
synthesizing and subjecting PA derivatives with different aromatic substituents such as ethers,
thioethers, alkynes and esters para to the aldehydes, as well as phthalimide and tetrafluoro
derivatives to Lewis acid-catalyzed polymerization conditions [114]. Computations based on
density functional theory were used to predict the Tc values of the polymers. As predicted,
monomers with electron-donating substituents did not yield polymers due to Tc values below −78
ºC, while those with higher Tc values polymerized. Experimentally measured and calculated Tcs
were compared. There was general agreement in the trends, but there were substantial quantitative
differences due to assumptions made in the calculations. To values of the different cPPAs were
measured and ranged from 109 ºC for the unsubstituted cPPA to 196 ºC for the tetrafluoro
derivative. Furthermore, To could be tuned through copolymerization of different derivatives.
Depolymerization of cPPAs is reliant on a stimulus that can disrupt the cyclic structure,
revealing a hemiacetal end-group that can then unzip the polymer into its constituent monomers
(Fig. 10a). cPPAs are susceptible to cleavage by thermal, acidic, and even mechanical stimuli. For
example, the Moore and Boydston groups investigated the application of ultrasound as a stimulus
and found that the PPA and cPPA backbones could be mechanically broken if the polymer’s molar
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mass was > 30 kg/mol [115]. The use of acidic stimuli has been the focus of several novel cPPA
applications. Moore and coworkers produced core-shell microcapsules with cPPA walls [116].
Suspension of these capsules in weakly acidic methanol resulted in no degradation over 24 hours.
However, the addition of a chaotropic salt such as LiCl as a specific ion coactivator resulted in
rapid depolymerization of the microcapsules and release of the payload.
White

and

coworkers

incorporated

the

photoacid

(2-(4-methoxystyryl)-4,6-

bis(trichloromethyl)-1,3,5-triazine) with cPPA to create a material degradable by UV light [117].
This material was used as a substrate on which to fabricate microelectronics. Triggered
depolymerization led to destruction of the device. The authors later developed microelectronic
devices with cPPA where acid microdroplets were contained in separate silicone wax layers [118].
Heating the device melted the wax and released the acid, leading to the rapid depolymerization of
the cPPA (~2 minutes). By using different wax layers with different melting points, a complex
microelectronics device was manufactured that only experienced partial degradation and failure at
certain temperatures. Rand and coworkers reported the construction of cPPA films containing the
photoacid

4-isopropyl-4-methyldiphenyliodoniumtetrakis(pentafluorophenyl)borate

and

the

visible-light sensitizer 5,12-bis(phenylethynyl)tetracene [119]. Visible light excited the sensitizer,
which then underwent an electron transfer reaction with the photoacid, resulting in the production
of acid within the film. A green organic light-emitting diode (OLED) was fabricated on top of the
films with the silver nanowires embedded in the film. Thus, OLED activity was self-destructive
as the circuit was broken as the film degraded. On average, self-destruction of the device could be
achieved in as little as 20 s. Kohl and coworkers reported the use of a photoacid (an iodonium salt)
that was sensitized to visible light using aromatic molecules such as pentacene derivatives [120].
The sensitized photoacid was able to degrade a cPPA in sunlight in as little at 5.5 minutes.
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Kohl and coworkers reported strategies to slow down degradation of triggerable cPPA
films both before and after triggering depolymerization. One strategy involved the inclusion of a
weak base along with a photoacid in cPPA films [121]. In another strategy, the authors placed
photoacid in a thin layer of cPPA and laminated this layer on top of the bulk cPPA [122]. This
approach helped prevent unwanted degradation of the bulk cPPA layer from acid generation during
storage. Triggering of the cPPA film after the photoacid layer was laminated on resulted in a
liquification of the photoacid layer and subsequent diffusion of the acid into the bulk cPPA
resulting in depolymerization.
Moore and coworkers developed approaches to increase the thermal stability of cPPAs to
improve its processability [123]. At the time, thermal degradation of cPPAs was believed to occur
via either radical or a cationic mechanisms. Thus, the authors added the radical trapping agent
(2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) or the Lewis base N,N′-di-sec-butyl-1,4phenylenediamine (DBPDA). Both inhibitors slowed degradation and increased the To of the
polymers. The authors also carefully removed by precipitation the trace Lewis acid initiators from
the cPPA that could be catalyzing their degradation, and this resulted in a significant improvement
in the thermal stability of the purified polymer (To = 145 °C regardless if inhibitors were added or
not). Finally, the authors incorporated diethyl phthalate (DEP) as a plasticizer to lower the Tg of
the cPPA below its To. A cPPA film with DEP and DBPDA incorporated was pelleted and hot
pressed at 100 °C for 15 minutes twice with the polymer remaining stable throughout the process.
The molded cPPA was still degradable at elevated temperatures or after an acid stimulus was
added. In subsequent work, Moore’s group discovered that the inclusion of the oxidant p-chloranil
reduced the thermal stability of cPPA, indicating that thermolysis of the polymer may involve an
oxidation [124]. Incorporation of antioxidants such as 1,3,5-trimethoxybenzene or TEMPO
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improved cPPA’s thermal stability. With knowledge this new oxidation-based mechanism, the
authors used single electron transfer agents to initiate the depolymerization of cPPA. The
photooxidant N-methylacridinium hexafluorophosphate (NMAPF6) allowed for complete
depolymerization of a cPPA solution within 3–4 minutes upon irradiation with a 375 nm light.
Degradation of solid films was also possible in ambient light conditions over a one-week period.
Because of the thermal stability of NMAPF6, it was possible to thermally process cPPAs with the
photooxidant without premature degradation, a feature not possible with cPPAs containing
thermally-sensitive photoacids.
Recently, Moore and coworkers also investigated the recyclability of cPPA [125]. A cPPA
film was heated at 100 °C to induce depolymerization and evaporation of the regenerated
monomer. The monomer was collected and subsequently repolymerized with no additional
purification. Depolymerization and quantitative recovery of the monomer was possible in less than
1 hour if the temperature was raised to 120 °C. The authors noted no mechanical differences
between the cPPAs, even after three depolymerization/repolymerization cycles. cPPAs with dyes
were also tested and found to be recyclable without dye contamination. Finally, the authors
examined cPPA recovery from a carbon fibre composite material. Fibres could be restored from
the composites after heating without damage or significant amounts of cPPA matrix residue.

Other Cyclic Backbones
Cyclic poly(ethyl glyoxylate) was investigated by Moore and coworkers in 2014 [126]. Ethyl
glyoxylate was polymerized cationically using a variety of Lewis acid initiators. All of the
resulting PEtGs were low molar mass (Mn = 2–13 kg/mol) with a range of Đ values (1.3–1.8). 1H
NMR spectroscopy of the PEtGs revealed a lack of end-caps, suggesting cyclic structures.
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MALDI-TOF MS analysis of PEtGs synthesized using BF3·OEt2 revealed an unexpected lariat
structure corresponding to a pendent ethyl ester backbiting on the terminal acetal (Fig. 10d). When
the initiator was switched to triphenylcarbenium tetrafluoroborate, MALDI-TOF MS revealed a
completely macrocyclic structure due to main-chain backbiting. The authors proposed that this
change in polymer architecture was partially due to the formation of a gel during the
polymerization reaction at high concentrations with BF3·OEt2, which prevented the polymer
chains from equilibrating and forming macrocyclic structures. A low concentration polymerization
with BF3·OEt2, on the other hand, did not solidify and allowed for macrocycles and lariat structures
to be formed. When carbocation initiators were used, macrocyclization was favoured. Tripledetection SEC was utilized to compare the intrinsic viscosities of the cyclic PEtGs with linear
PEtGs. As expected, the macrocyclic PEtG had the lowest, lariat PEtG had intermediate, and linear
PEtG had the highest intrinsic viscosity.
Moore’s group also recently reported the synthesis of cyclic polydisulfides via the anionic
polymerization of methyl lipoate (Fig. 10e) [127]. While linear polydisulfides can be obtained via
anionic polymerization with initiators such as alkyl thiols [128-130], it was discovered that the use
of aryl thiol initiators with high nucleofugality (such as thiophenol) along with a strong base
resulted in mostly cyclic product via main-chain backbiting. Initial polymerizations using
thiophenol and various bases as initiators, and quenched with phenyl isocyanate, resulted in cyclic
polymers with Mn values from 22–65 kg/mol and relatively low Đ values (~1.4), although a Mn as
high as 630 kg/mol was later achieved. The cyclic nature of the polymers was confirmed with 1H
NMR spectroscopy and MS, which both revealed the lack of chain ends on the polymers. SEC
analysis also revealed a longer retention time and lower viscosity of the cyclic polymers compared
to linear polydisulfides synthesized with a benzyl mercaptan initiator. Due to the relatively low Tc
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of the polydisulfides (~27 ºC), their depolymerization was explored by heating at 65 ºC at a dilute
concentration (1 M), with the initiating species acting as a catalyst. Up to 95% of the monomer
could be recovered after 1 hour. Additionally, ring expansion was achieved by reinitiating the
polymerization of cyclic polydisulfides in the presence of monomer. The polymerization of
disulfides could be further extended to other lipoate monomers.

Self-Immolative Graft Copolymers and Networks
Graft copolymers, also referred to as bottlebrush copolymers, are copolymers that possess a central
polymer backbone with pendent polymer chains. The architecture of the graft polymer confers
properties that are different than those of linear polymers. For example, high molar mass graft
copolymers have less tendency to entangle, leading to different self-assemblies than their linear
analogues [131]. Networks, meanwhile, are constructed by the cross-linking of polymer chains.
Cross-linking results in insoluble structures that possess properties such as the ability to swell in
particular solvents. So far, there are only a few examples of self-immolative graft copolymers and
networks in the literature.
Zhang and coworkers reported graft copolymers composed of self-immolative PBC
pendent chains on a non-degradable polymethacrylate (PMA) backbone (Fig. 11) [132]. Short
chain PBCs (DPn < 10) were synthesized and end-capped with an alkyne-functionalized
photolabile group. Copper-assisted alkyne-azide cycloaddition (CuAAC) chemistry was then used
to graft the PBC to poly(3-azido-2-hydroxypropyl methacrylate) backbones (Mn = 100 kg/mol or
540 kg/mol). The resulting copolymers formed worm-like structures, which could be visualized
with atomic force microscopy (AFM). One of the PBCs was composed of 4-aminobenzyl alcohol
spacers with o-substituted t-butyl esters on each spacer. Hydrolysis of the t-butyl esters in acidic
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media transformed this bottlebrush copolymer from hydrophobic to hydrophilic. UV-light
triggered depolymerization of the PBC chains in 36 hours for PBC side chains composed of 4aminobenzyl alcohol spacers (Fig. 11a). O-substituted spacers, meanwhile, degraded in only 1.5
hours and produced an increase in fluorescence (Fig. 11b).

Figure 11. a) Structure of a graft copolymer with a polymethacrylate and UV light-triggerable
PBC pendent chains; b) Variant of the structure in a) but with pendent acrylate groups that lead to
the release of fluorescent molecules upon depolymerization; c) PBE backbone with pendent PEG
or PS chains (R group) and a stimuli-responsive end-cap (EC); d) Depolymerizable
polycyclopentene with pendent PS chains.

Zhang and coworkers also grafted PS or PEG chains to a PBE backbone via CuAAC (Fig.
11c) [133]. They discovered that the copolymers with PS side chains depolymerized more slowly
than those with the PEG chains. This observation was attributed to the bulky nature of the PS
chains, which may hinder the free rotation of the chain-end phenolate unit. This unit must be
properly aligned for 1,6-elimination, and consequently depolymerization to occur. In other work,
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the authors synthesized PBE with thiol pendent groups [64]. Using a thiol-disulfide exchange
reaction, they synthesized a graft copolymer and an organogel from the PBE using a mercaptoterminated PEG or bis-mercapto-terminated PEG respectively.
Moore’s group reported the synthesis of both graft copolymers and cross-linked networks
by post-polymerization modification of PA/benzaldehyde copolymers [134]. They converted
pendent aldehyde groups off of the benzaldehyde units to alcohols, which could then be used to
graft PLA to the backbone via a ring-opening polymerization of lactide. Use of a multifunctional
isocyanate linker produced self-immolative networks. They later used their PA/benzaldehyde
copolymers with 2-ureido-pyrimidinone pendent groups to construct non-covalently bonded selfimmolative nanoparticles and networks [135].
Recently, Kennemur and coworkers reported depolymerizable graft copolymers based on
a polycyclopentene backbone (Fig. 11d) [136]. This polymer possesses a lower Tc than many other
cyclic olefin polymers synthesized by ring-opening metathesis polymerization (ROMP) because
the ring-strain that drives ROMP is low for cyclopentene. Thus, under the right conditions such as
elevated temperatures, the polymerization reaction can be reversed. Cyclopentene monomer with
a bromoisobutyryl pendent group was polymerized at low temperature via ROMP using the Grubbs
I ruthenium catalyst, and then styrene was grafted from the polymers via an atom-transfer radical
polymerization (ATRP) using the bromoisobutyryl pendent groups. They were able to achieve
good control over the polymer and side chain lengths, resulting in the targeted molar masses with
low backbone Đs of 1.18–1.35. Four different graft copolymers were synthesized with variable
backbone lengths (DPn = 97, 181) and side chain lengths (DPn = 18, 28, 44). Depolymerization
was then investigated by heating the polymers to 70 ºC for 24 hours in the presence of a ruthenium
catalyst (Hoveyda-Grubbs II). Analysis of the depolymerization products by SEC suggested that
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while the cyclopentene backbone had fully depolymerized, the PS side chains were still intact.
Next, the authors tested several different ruthenium-based catalysts (Hoveyda-Grubbs II, Grubbs
I, Grubbs II, Grubbs III) against the polymers to observe depolymerization rates. It was discovered
that the rates followed the order Grubbs III > Grubbs II > Grubbs I > Hoveyda-Grubbs II, with
Grubbs II and III resulting in almost complete depolymerization at room temperature after 30
minutes. The authors also determined that the depolymerization mechanism involved head-to-tail
unzipping of the polymer backbone chain and not a breakdown of the chain through random
scission events, as no smaller polymer fragments resulting from random scission were observed
by SEC. This result contrasts with non-derivatized polycyclopentene, where random chain scission
events appear to dominate depolymerization. The authors also commented that depolymerization
of their bottlebrush polymers could be used to alter macroscopic properties of a material or
introduce new functional handles. With regards to the latter, the authors used the cyclopentene
functional group created during depolymerization of one of the polymers along with
trimethylolpropane tris(3-mercaptopropionate) and a photoinitiator to synthesize three-arm star PS
macromolecules as a proof-of-concept.
Lobez and Swager reported the incorporation of POSs into elastomers [137]. While POSs
are typically brittle solids with high Tgs, they incorporated silicone cross-linkers to create
elastomeric networks. Different mechanical properties could be obtained by varying the amount
of POS to the cross-linker, varying the length of the cross-linker, or by varying the degree of crosslinking. As expected, the more silicone cross-linker that was incorporated, the softer and more
elastic the networks. Depolymerization of one of the networks after exposure to piperidine resulted
in network failure and dissolution in approximately 5 minutes.
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Sasaki’s group reported a self-immolative adhesive composed of cross-linked POSs that
could be degraded by raising the pH with a photobase [138]. POS random terpolymers composed
of SO2, 2-methyl-1-pentene, and 4-methyl-4-pentenoic acid were synthesized (TPASs). Crosslinking was explored by mixing different TPASs with a polycarbodiimide cross-linking agent and
a photobase compound in chloroform, followed by heating at 100 ºC to cure the adhesive mixture.
Subsequent irradiation with UV light resulted in depolymerization of the network. The authors
then investigated the adhesion of two quartz plates with their POS adhesive mixture. Curing of the
mixture at 100 ºC for 5 minutes resulted in a strong thermoset polymer bond between the two
plates, comparable in tensile strength to a commercial epoxy adhesive. Subsequent heating at 100
ºC for 60 minutes did not lead to any loss of bond strength whereas UV irradiation followed by
heating at 100 ºC resulted in the elimination of the bond after 15 minutes, with a longer degradation
time at 80 ºC and only a softening of the bond at 60 ºC.

Hyperbranched Self-Immolative Polymers (HSIPs)
Hyperbranched polymers are macromolecules that possess features characteristic of both linear
polymers and dendrimers. Like dendrons, they possess a multi-branched architecture with a focal
point and periphery. However, unlike dendrons, they can be synthesized in a one-step reaction,
leading to imperfect structures and some degree of dispersity. Hyperbranched polymers therefore
have many of the beneficial architectural effects of dendrimers with the synthetic efficiency of
linear polymers.
Thus far, Liu and coworkers reported the only examples of HSIPs in 2015 (Fig. 12) [139].
They were synthesized via the step-growth polycondensation of aromatic elimination spacers.
Quenching the polymerization reactions with different end-caps installed different stimuli triggers
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at the focal point of the polymers. Polymers sensitive to visible light, H2O2, and reductive
compounds were yielded from the use of perylene-3-yl methanol, hydroxymethyl phenylboronic
ester, and diethanol disulfide end-caps respectively. Based on NMR spectroscopic analyses, the
HSIPs were determined to have 14–19 hydroxyl groups at their peripheries. Post-polymerization
modification of these groups afforded polymers with peripheral moieties such as doxorubicin,
choline, PEG, and poly(2-(dimethylamino)ethyl methacrylate) (PDMAEMA). The selfimmolation rates of the hyperbranched polymers were adjusted by tuning the polymer spacers to
eliminate via 1,6 or 1,4 pathways (faster) or by using thiophenol based spacers (slower).
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Figure 12. a) HSIP with a visible light-responsive trigger (green) and peripheral PEG (orange)
and doxorubicin (Dox) (red) moieties; b) HSIP with a H2O2-sensitive trigger (purple) and
peripheral mitochondrial targeting groups (MTG; gold) and caged fluorescent reporters (blue).

Various potential applications of the HSIPs were explored. For example, a HSIP sensitive
to visible light with some peripheral PEG moieties formed nanoparticles in aqueous solution (Fig
12a). Irradiation with blue light for 30 minutes resulted in nanoparticle degradation over 6 h, with
the release of peripheral molecules including doxorubicin. Visible light also induced the in vitro
release of doxorubicin in cancer cells, highlighting the potential of the HSIP for drug delivery. In
another experiment, hyperbranched SIPs with PDMAEMA attached to the periphery and a
reduction-sensitive trigger were used as non-viral gene vectors. Deoxyribonucleic acid
(DNA)/HSIP complexes were formed and triggering of self-immolation resulted in the dissolution
of these complexes. In vitro studies revealed DNA transfection of a fluorescent reporter gene. The
authors also investigated H2O2-sensitive hyperbranched SIPs functionalized with a mitochondrial
targeting moiety and a caged fluorescent reporter (Fig. 12b). In vitro studies over 12 hours revealed
a localization of the fluorescent probe within the mitochondria of the cells, with little localization
of probe from hyperbranched SIPs that did not possess the targeting moiety. Finally, the authors
built on Shabat’s concept of the dendritic chain reaction [43] to amplify the response of their HSIPs
to stimuli. A H2O2-sensitive HSIP with peripheral choline moieties was used along with choline
oxidase to bind citrate away from citrate-stabilized gold nanoparticles. Removing citrate caused
nanoparticle aggregation and turned the mixture from red to blue. An H2O2 concentration as little
as 1 µM could initiate the chain reaction, destroying the HSIP. Subsequent removal of the freed
choline by choline oxidase allowed unbound citrate to stabilize the gold nanoparticle aggregates
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and turn the mixture back to a red colour. A similar system using a HSIP with caged fluorescent
probes and choline on its periphery was also used to detect levels of choline oxidase in solution.
This system could be utilized as the basis of an enzyme-linked immunosorbent assay.

Summary and Future Prospects
A wide array of SIP architectures has been developed. Linear and cyclic SIPs based on low Tc date
back to the 1960s. However, the introduction of stimuli-responsive end-caps to linear versions
over the past decade has resulted in greater control and versatility over the conditions under which
depolymerization can be triggered, thereby greatly expanding their potential for diverse
applications. For cyclic SIPs, their syntheses, depolymerization mechanisms, and triggers have
become much better understood, and chemistry developments have allowed their physical
properties to be tuned. SIPs based on elimination and cyclization spacers are more recent and have
experienced a gradual evolution from oligomeric structures in the early 2000s to dendrons in the
mid-2000s, linear polymers in the late 2009s and over the past decade new graft copolymers,
networks, and hyperbranched structures. While dendrimers and oligomers have clear advantages
with respect to their well-defined structures, polymeric structures can be more readily synthesized,
and have received more attention in recent years.
The different architectures differ with respect to their triggering and depolymerization
pathways. For example, dendrimers and hyperbranched systems depolymerize to release multiple
peripheral groups in response to focal point cleavage events. Linear and oligomeric systems release
only a single terminal group following end-cap cleavage and propagation of the chain reaction
along the backbone, but in all cases release multiple monomers or elimination or cyclization
byproducts. In some cases they can release multiple pendent groups. Cyclic SIPs do not release
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any terminal groups and instead of being triggered by a specific end-cap cleavage, like most linear
SIPs, their depolymerization is triggered by a random backbone cleavage event. In all examples
so far, the cyclic SIPs have been based on low Tc polymers and therefore depolymerized back to
monomers, at least as the initial depolymerization products. Self-immolative graft copolymers
have been developed that undergo depolymerization either along the pendent chains or along the
backbone. Depolymerization of the pendent chains releases the intact backbone, while
depolymerization of the backbone releases the pendent chains. Networks have been developed that
undergo depolymerization along the main polymer chain.
It is well established that different polymer architectures can exhibit different properties.
For example, for a given molar mass, branched and cyclic polymers tend to exhibit lower viscosity
than linear analogous due to fewer chain entanglements. They can also exhibit different selfassembly behavior both in solution and in the solid state. These aspects are just beginning to be
uncovered, as most research in the field so far has focused on the chemistry of SIPs. It will be
important in the future to study in more detail the self-assembly behavior of SIPs of different
architectures. In addition, to move SIPs towards commercial applications, properties such as
viscosity will be important for their processing and architecture may play a critical role in this
aspect.
As highlighted by the growing number of recent examples on self-immolative graft
copolymers and networks, expansion of the architectural diversity of SIPs is an area of current
interest that will likely receive significant attention in the coming years. Thus far, a limited number
of SIP backbones have been applied in graft copolymer and network architectures. This can be
attributed in part to the requirement for multifunctional monomers and orthogonal chemistry that
allows grafting or network formation reactions to take place in the presence of transiently stable
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backbones and end-caps. Nevertheless, recent developments in SIP chemistry and new backbones
are likely to enable such developments in the coming years.
So far, thermal and mechanical properties of SIPs have also received minimal attention and
studies on these properties have generally been limited to polyphthalaldehydes and
polyglyoxylates. Polyphthalaldehydes tend to be limited by their high Tg values, which make
processing challenging as well as their brittleness. These challenges have been addressed to some
extent through stabilization strategies and the incorporation of additives, but substantial future
work is still required to make their properties suitable for diverse applications. On the other hand,
polyglyoxylates tend to exhibit low Tg and tacky, rubbery properties. This issue can also be
addressed through the use of blends and inclusion of additives, but maintaining their desired
triggerable degradability and the potential to isolate depolymerized monomers for recycling are
issues that will need to be addressed. It will also be important to study the thermal and mechanical
properties of other existing SIP backbones and those that are developed in the coming years. For
many polymer applications, mechanical and thermal properties are critical, so it is anticipated that
this area will receive significant attention in future years.
Another key issue important for the movement of SIPs towards commercial applications is
their cost. The multi-step monomer synthesis required for some SIP backbones will be costly to
scale up and will therefore likely limit these backbones to smaller scale, higher cost products such
as sensors and biomedical devices. Although backbones such as polyphthalaldehydes and
polyglyoxylates can be prepared from commercial monomers, these monomers are expensive
relative to those used for the synthesis of most commercial polymers. Scaled up demand may
motivate the development of less costly industrial syntheses of these monomers to a certain extent.
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However, the development of SIPs from existing low cost monomers would be a significant
development that would more rapidly enable the expansion of SIPs beyond niche applications.
In summary, substantial developments in SIPs have taken place over the past two decades
both in terms of structural and architectural tuning through the development of new chemistry.
These new chemistries have been exploited to achieve a wide range of polymer architectures that
can be used for a diverse array of applications. While exciting chemistry developments are
anticipated to continue for SIPs, an important avenue for future work will be the use of structural
and architectural tuning to control the properties of the resulting polymers. It will also be critical
to evaluate the physical and mechanical properties of SIPs, and to address practical challenges
such as cost, thereby allowing them to progress towards commercial applications.
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